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Abstract 

A chiral Lagrangian with SU (3) breaking and higher resonances is proposed. 
In this model, the SU(3) breaking structure in vector-pseudoscalar sector 
is realized with the decay constants of pseudoscalar mesons and the masses 
of vector mesons used as inputs. We examine whether the resulting SU (3) 
breaking effect in the charge radii of pseudoscalar mesons is consistent with 
the experimental facts. 
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I. INTRODUCTION 



Quantitative prediction of rare K decay rates based on the standard model 
is a necessary ingredient in the program for understanding the origin oi CP 
violation. However, since the typical energy scale in K decays ~ Mk{— 
500 MeV) is too low for perturbative QCD to be applicable, we need some 
method to estimate the long distance contributions from QCD. The chiral 
symmetry imposes strong constraints on low energy dynamics associated with 
K decays 

In the usual formalism of chiral dynamics, the energy dependence of the 
amplitudes involving Goldstone bosons ( ir, K ) is given as a power series 
expansion with respect to the external momenta and quark masses. The 
coefficients of 0(p 4 ) terms in the effective chiral Lagrangian are explicitly 
determined from the experimental data ||]. Later it has been recognized 
that these coefficients of 0(p 4 ) terms are saturated by the contributions from 
higher resonances (vector, axial vector and scalar mesons) The importance 
of incorporating higher resonances can also be seen in the result that the 
AI = ^ rule is explained if we take the propagation of scalar resonances into 
account |7j. 

These results motivate us to the present work: in this article we propose 
a model for the chiral Lagrangian with scalar and vector mesons. 

In QCD the SU(3) breaking effect is introduced by the quark mass term 
C m = —qLm^qn + h.c. In chiral dynamics, the scalar field plays the key role; 
it develops the vacuum expectation value (VEV) and induces the decay con- 
stants for pseudoscalar mesons. We shall see that the explicit SU(3) breaking 
originating from current quark masses result in the differences among decay 
constants. We introduce vector meson following the hidden local Lagrangian 
approach [ 10 1 . The SU(3) breaking effects in vector-pseudoscalar couplings 
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are generated by those of decay constants of pseudoscalar mesons and the 
masses of vector mesons. The explicit form of the potential terms which gives 
the connection between the VEV's of scalars and current quark masses will 
be shown in Secjl^. 

Let us consider the expansion of the full Lagrangian in powers of deriva- 
tives. At the order d 2 level, we have the kinetic term of pseudoscalars and 
the mass term of vector mesons. There are an infinitely large number of 
terms which are consistent with chiral and hidden local symmetries. This 
is because arbitrary higher dimensional operators of order d 2 are allowed in 



our approach. In Sec. ID we argue first that we can restrict ourselves to four- 



dimensional operators since we are constructing an effective Lagrangian which 



is valid below the cutoff scale A ~ 4irF n ~ 1 GeV [11|. 



For a phenomenological test of this model we calculate the electromag- 



netic form factors for pseudoscalar mesons and the K e % form factor in Sec. IV. 
There, the charge radii of tt + ,K + and K° will be compared to their exper- 
imentally measured values. We will also find that the normalization of K e ^ 
form factor .F+(0) — 1 under fairly natural assumptions. In Sec.[V|, we exam- 
ine the possible effects to charge radii from the extra terms which have not 
been included tentatively in the reduced chiral Lagrangian. It is shown that 



these additional terms do not modify the results obtained above. Sec. VI is 
devoted to discussion and summary. 

II. CHIRAL LAGRANGIAN 

A. Preliminaries 

Let us begin our discussion by recalling the way one derives the chiral 
perturbation theory. 
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First we consider U(N)l x U(N)r linear a model [12| which is defined by 
the Lagrangian |l3| , |l4"| 

C = Tr^M^M) + ^ 2 Tr(M f M) - -± {Tr(M f M)} - -jTr^M+M) 2 ) 
+^-Tr(m (0) (M + Mt)) , 

where = diag(ml°\ rn^\ ■ ■ •) denotes current quark mass matrix, and 
the last term breaks chiral symmetry explicitly. Using a unitary matrix £ and 
a hermitian matrix E, we can decompose N x N complex matrix M in the 
form 

M = £X£. 

The positivity of /j, 2 signals the occurrence of spontaneous breakdown of 
chiral symmetry. This can be seen by examining the vacuum expectation 
value(VEV) (X) of X which is determined by minimizing the potential 

V((n) = -rTM<£} 2 ) + y |Ti'({E) 2 )| 2 + ^TV ((£) 

__I_TV (,„<». (s) ). 



Then the associated Goldstone bosons n a {a = 0,1,--- iV 2 -l) are non-linearly 



realized in £ as [15] 



with dimension-one constants F a (a = 1, • • • , iV 2 — 1). 

The lowest order chiral Lagrangian used in chiral perturbation theory 
can be obtained in the infinitely heavy X' limit, where X' = X — (X) is the 
dynamical degree of freedom associated with the X field. Remember that 
the systematic chiral expansion is a power series expansion in the external 
momenta and quark masses. From the potential ( p.2| ) we can see that the 
splitting in the components of diagonal matrix (X) is higher-order. Hence 
F a = F n (a = 1, • • • , iV 2 — 1), and by setting (X) = 4f 1 we obtain 



F 2 

C = -j- ^(dprtdPU) + 2B Tr(m(°\U + t/t))} 



+ 



4 

where U = £ 2 , Bo = ±q F , and the ellipsis contains the higher-order terms 
in chiral expansion, the irrelevant constant terms and the terms involving 
physical scalar fields. 

Now let the coupling Ai and A2 go to infinity with F n kept fixed. Then 
scalar particles become so heavy that they decouple effectively. Hence, in 
this limit, only Goldstone bosons survive and their low energy behaviour is 
described by the well-known leading order Lagrangian 

F 2 

C = ^- {Tr(d li rtd»U) + 2B Tr(m(°\u + [/+))} . (2.4) 

Consider the case of two quark flavours ( u and d ) and apply the corre- 
sponding chiral perturbation approach. Then the chiral expansion is in powers 
of external momenta and the masses of these quarks which are about 10 MeV. 
Since the expansion parameter must be dimensionless, we have to divide the 
typical momentum scale (p) and the masses of quarks by some constant A 
with mass dimension. This A is considered to be the cutoff scale under which 



our effective chiral description is valid, and is about 4nF n ~ 1.2 GeV [11] 
where F n ~ 93 MeV is the decay constant of it meson. Hence we expect, in 
this case, that the convergence of this expansion will be good as long as all 
external momenta are sufficiently smaller than A ( fa ^ ~ xl0~ 2 ). 

For the purpose of describing K mesons within the framework of chiral 
dynamics, we have to extend the above framework such as to include strange 
quark. In this case one more expansion parameter 2 ^ = 0.18 ~ 0.36 for 
m s = 100 ~ 200 MeV has to be taken into account. Also, in K decays, the 
magnitudes of the typical momenta are the order of K mass ~ 500 MeV. Thus 
we have (7^) 2 — {^j^j — 0.21. Hence the expansion may not converge so 
rapidly as in the case of SU{2)l x SU(2)r. 
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Let us give one such example. One of the successful challenge is the 
explanation of the large enhancement of AI = | component in the amplitude 
for K° — > 2ir by incorporating scalar resonances 0. There, the enhancement 
factor arises from the scalar ( a ) propagator || 

Ml - Ml F K 
Ml -M 2 K 3F„-2F K 

In the systematic expansion of the chiral perturbation theory, this factor will 
be obtained as the series 

Fk _ 3(F K -F n ) 
3F„ - 2F K F K 

= 1 + 0.54+ (0.54) 2 + ■■■. 

The convergence of this series is very slow. Note that the SU(3) breaking gets 
amplified when it comes into the numerator. Hence it is crucial to understand 
how to include the SU(3) breaking. 

To do this we must go back to what we know about the low energy dy- 
namics. One of the important facts is the vector meson dominance structure 
which can be seen in the pion-electromagnetic from factor F w +(s) ( s is the 
invariant mass squared of virtual photon ). Under this hypothesis F w +(s) is 
given by 

where M p is the mass of p meson. Thus the charge radius {r 2 ) n+ is obtained 
as 

(r 2 ) = ~ 0.41 fm 2 , 

\ /7T+ M 2 

which is in good agreement with its experimental value 0.44 fm 2 . It is also 
known that the behaviour caused by the infinite series in Eq. ( |2.6| ) recapitulates 
the experimentally measured momentum dependence of F n +(s). 



In the systematic chiral expansion, QCD dynamics appears in the next-to- 
leading order terms, i.e., 0{p 4 ) terms which accompany unknown constants 
L\, ■ ■ ■ ,L\q ||. Each of these constants requires an experimental input. For 
example, Lg has been determined by using the charge radius (r 2 ) n+ of ir + 
as its input. However, as was shown before, (r 2 ) n+ could be obtained from 
the presence of p meson with the vector meson dominance hypothesis. More 
generally, Li, ■ ■ ■ , L\o are all determined from the higher resonance contribu- 
tions, consistent with their proper values Q. We shall, therefore, take an 
approach in which all higher-order effects in the chiral perturbation theory 
can be reproduced by the introduction of vector and scalar mesons Q. 



B. Model 



We propose a chiral Lagrangian [16 based on the hidden local symmetry 
approach |l0| 

^chiral = £2 + £pot — 7T^"Tr (Fy^F^) , 

where £2 consists of the terms which contain two powers of derivatives. The 



explicit form of which will be shown in Sec. III. Fy is the field strength 
corresponding to vector meson 

Fy V = d^V u - d u V - i [V^, V u ] , 

and gy is the hidden local gauge coupling constant. £ po t determines the VEV 
of scalar nonet denoted by S and takes the form [17 



£ pot = p 2 Tv(S 2 ) + ^Tr (S + HnM^l}) 

-^{Tr(S 2 )} 2 -^Tr ( n 



In this expression M denotes the 3x3 matrix field which couples to quarks 
in QCD Lagrangian Q as: 



(qhMq R + q R M ] q L 



Hence, under chiral transformation 6 [U(3)l x U(3)ii] glohskl , M. is 

considered to "transform" as 

The vacuum configuration is determined through Eq.(|2.§|) by setting A4 to 

be current quark mass matrix m^: M = = diag(m|°\ m^ 1 ). 

The differences in current quark masses mf'\i = 1,2,3) induce the splitting 

among the VEV's taken by the neutral components of scalar S. Throughout 

this paper the isospin breaking effect due to quark masses will be neglected: 
,(0) _ _(o)_ Hence the VEV ( S ( ) j of s takeg the form 



m] = rrio 



/ E (0) \ 



S (0) 



^3 



Since we do not perform an expansion in powers of , this splitting induces 
the differences in the decay constants of pseudoscalar mesons and the masses 
of vector mesons. 

In the framework of hidden local symmetry, £l an d (,r contain not only 
the nonet of pseudoscalar mesons but also a set of unphysical scalar degrees 
of freedom (a) 

a = ^(a)e(n) t , 
& = f(*)£(n), 

where £(cr) = e la and £(n) = e* n . The vector mesons are the gauge bosons 
of hidden local symmetry (in our case it is [?7(3)v r ]iocai)- The unphysical a 
will be absorbed by the vector mesons and give them nonzero masses through 



Higgs mechanism [10|. The transformation properties of £,l,£,r and S under 



chiral and hidden local symmetries are 
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S' = hSh\ 

where h is an element of [^ r (3)y]i ocal . Then the Lagrangian £ pot in Eq.(|2~8l 
can be seen to be invariant under G = [V (3)y] local x [U(3)l x ^(3)-R] g i b a i- 



When we discuss the terms of 0(p ) in Sec.|I|, it is sufficient to use the 



following blocks, each of which transforms as A — > h A h) under G; 

S, aiu, a±n, D^S, Fy U , -^-£ L M£ R . 



Here aiu and aj_^ are 



a ^ = 2l ' 

If we write the external vector fields as and IZ^ , associated with the gauging 
of chiral symmetry [U(3)l x £/(3)ft] g i bai) then various covariant derivatives 
are given by 

D^ L = d^ L - iV^L + i£L£», 
D^R = d^R - iV^R + i^rTI^ 
D tt S = d ll S-i[V ll ,S\. 

In constructing £2, it is also necessary to know the operation of charge 
conj ligation (C), in particular, on aff and ctj_ 



C : a£ -> «) T , of - -(a[f) T (2.10) 
Hence the terms such as Tr (a 1 ^ {S, D^S}^j are forbidden by C symmetry. 
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III. 0{p 2 ) TERMS 

Here we discuss the 0(p 2 ) terms with respect to the momentum expansion. 
The counting rule for momentum order is 

a|| t and Oij_ are 0(jp). 

V^Lp and n, t are 0(p). F$ v is 0{p 2 ). 

S is O(p ). 

±M is 0(p 2 ). 

We remark on the counting rule assigned to the scalar field S. Recall that in 



the original hidden local symmetry approach [ 10 1 the mass of vector meson is 
generated by the term 

aF 2 Tr{a»a {lfl ), 

which is called 0{p 2 ) term. In our present scheme the origin of the decay 
constants of pseudoscalars is traced to the the nonzero VEV's of scalar S. 
Since F n is O(p ), consistency will demand that S is 0(p ). Then 0(p 2 ) 
terms, such as 

Tr({5,a([}{5,a,| M }), 

contribute to the masses for vector meson. 

According to the above counting rule, the fields which can participate 
in 0{p 2 ) terms are ajj 1 , a.j_, ^-M. and S. The operator with dimension less 
than 4 requires compensation by the multiplication of constant (s) with mass 
dimension when involved in the Lagrangian. In our scheme we consider the 
constants with mass dimension available to us are only the VEV of S and 
^-■M.- The latter appears only in the pseudoscalar mass terms which have 
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been already included in the potential term in Eq.( [2.8[ ). Thus we do not need 
to be concerned with the operators with dimension less than 4. 

The operator with dimension( = A + d) more than 4 has a coefficient of the 
form -p where a is a constant of order 1, and A is the cutoff under which our 
effective chiral Lagrangian is expected to describe the low energy behavior of 
QCD. Problematic thing is that higher dimensional operators, such as 

-^Tr(S d O^), (3.3) 

where is some four-dimensional and 0(p 2 ) operator, can induce four- 
dimensional operators by taking the VEV's of scalars. To see that we do not 
need to add these contributions, write the operator in Eq.( |3.3| ) as 

4(?)-»+((?)M?)>4 

The first term in this expression can be absorbed by the renormalization of 
the operator Tr0( 4) . In the context where A ~ AttF^ Q, S^ 0) ~ ^f. As will 
be shown later, the splitting in the VEV's of S has the form: £g^ = ^^S^ . 
Hence the second term in Eq.( [3.4[ ) is of order 
/y(0)\ d /y(0)\ d 

(%■) -pr) ~°.oi3(^u, 

~ 0.0012 (d = 2), (3.5) 

which is smaller for larger d. Hence, to order 1% accuracy, this second term 
can be dropped. Since we will not consider any processes with scalar par- 
ticles on the external lines, this type of higher dimensional operators is not 
important. Therefore, we can concentrate ourselves with the dimension-four 
operators which can be constructed from a^,a^_ and S. 

Below we list those operators that are Lorentz, C, "P(Parity operation) 
invariant and have chiral and hidden local symmetries: 
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(Category 1) < 



(C.2) 



Tr([S,ap[S,a^}) 

Tr({S,a(f}{5,«|| M }) 

Tr([S,<][S,a ±M ]) 

Tr({5,al}{5,a ±M }) 

iTr(«f [S,D„S]) 

Tr(D^SD^S), 



I Tr(Saffa,ijTr(S) 



[Tr(S<a ±M )TY(S), 



(C.3) 



Tr(af«,| M )Tr(5)Tr(5) 
Tr(a([a ) | At )Tr(5 2 ) 
Tr« a ±M )Tr(5)Tr(5) 
Tr«a ±M )Tr(5 2 ), 



(C.4) 



Tr(S 2 a^)Tr(a u ) 



Tv(S 2 <)TV(a ±M ), 



(C.5) 



Tr(5af)Tr(5a,| M ) 
Tr(S , a^)Tr(S'Q_ LM ) 



(C.6) 



Tr(5af)Tr(a ||M )Tr(5) 
Tr(S<)Tr(a ±M )Tr(,S), 



(C.7) 



Tr(apTr(a|| M )Tr(5)Tr(5) 
Tr(af)Tr(« ||M )Tr(5 2 ) 
Tr(al)Tr(a ±M )Tr(5)Tr(5) 
TrK)Tr(a ±M )Tr(S 2 ). 
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We divided operators into classes according to the flavour SU(3) breaking 
structure which will be generated by the splitting among the VEV's of scalar 
S. We first concentrate our attention on the following reduced Lagrangian 
which consists of the operators belonging to the Category-1: 

C 2 = Tr({S,a$}{S,a Xll }) + fTr([S,a^][S,a ±tl }) 
+a Tr({5, of }{S, ay}) + b Tr([S, of] [S, ay}) 
+dTr(D ll SD tl S) + 2ciTr{a^ [S, D^S]). 

The effects of operators in the other categories will be discussed later. 

We first express fundamental quantities in the pseudoscalar sector. Since 
isospin breaking is ignored here, isospin nonsinglet mesons are always in their 
mass eigenstates. We did not concern r/ and rf explicitly here. So it is conve- 
nient to work in the nonet basis 

/ 7T° + T] 7T+ K+\ 



n 



1 

V2 



7T ' 

7T~ -7T° + 7] K° 



K~ 



V2F W F K 
F K F 33 J 



Then we have 



P - 9V(°) 
F33 = 2Sf, 



F 2 K = -{(F 7T + F 33 ) 2 -f(F 33 -F 7r ) 2 }. 



The masses of it and K can be read off from Eq.([2.8| 



(0) 



2GiF2 ~ 2G X F V ' 



2 _ (m^ + mD(Sr + _ (4 0) + m^)(F w + F 33 ) 



Next we turn our attention to the scalar-vector sector. There are transi- 
tions among vector meson , scalar a and S where the field S is defined 

as 
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We define the unitary gauge as follows. First we set a = and redefine the 



fields Vfj, and £ as 



^ ~* Vl-C^ f ° r ( '' j) = (1 ' 3) ' (2 ' 3) ' (3 ' 1} ' (3 ' 2) ' 
In these expressions Mk* is the mass of K* (see Eq.( 3.20| )), and X* 5 consists 
of scalar components k each of which has strange number 

^ 



-K° 
«T K° 



and 



r _d + c Ef-Ef) 



If we denote the vector meson matrix as 



V — — 
"~V2 



V2 



\ 



V2 



K*~ 



K*° 



the masses of vector mesons are given by 



M 2 p = ag\Fl = M 2 , 

mi = 44, 



M 



K 



a 



(F33 - F n ) 



We can see from Eq.( [3.16|) that C 2 < 1 is necessary for our model to 
become meaning fill. Eq. flQjj) tells us that there is no mixing between 
and E when c = — d. Note that if d+2 ^~ b is order unity, we have 
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M K * = -(Mp + Mt/,), 



(3.21) 



since 



33 



Fir 



(M - M p 



(F 33 + Ft,) 2 (M + M p f 



0.02. 



The / term in the expression for Fg cannot be neglected: in fact, by con- 
sidering / = O(l) and neglecting the / term in Eq.( |3.14| ), we obtain the 
relation 



Fa 



M n 



which is off by 6 %. 

We close this section by quoting the mass M K of k since n will contribute 
to the .fr e 3 form factor. M K is given by 

11 I ( MlFl MlFl\ 



M, 



K dl-C72 E (0)_ E (0) ^ s (o ) + s (o) 2S (i 



(0) 



Using Eq.( 3.14 ), it can also be expressed as 

/ 

Ml- 2 



d(l - C 2 ) 



2F K M 2 



1 



V 



F33 

F n 



-Mi 



(3.22) 



(3.23) 



(3.24) 



(3.25) 



IV. ELECTROMAGNETIC FORM FACTORS AND K e3 FORM FACTOR 



We now explore the electromagnetic form factors and K e3 form factor 
based on our chiral Lagrangian. In the standard model the external gauge 
fields Vp, = TZp + £ M and A p = TZ^ — C p take the form 

2 x 



0-10 
0-1 
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(l 



-z„ 



c w 



4 2 
2 ~~ 3 S W 





.1 + 2„2 
2 + 3 S VK 



V 
















ci -sic 3 



+ "7=^ 








+ 4*7 



3*w y 

^ o oo^ 



ci 
-sic 3 y 



10 1 



A 



0-10 
0-1 



ci -sic 3 



— lv"~ 

y/2 » 



J 



V 





a oo 

-sic 3 






where cyy = cosOyy with the Weinberg angle 9w, and g is the SU(2) cou- 
pling constant. c\ = cos#i,si = sin^i,c 3 = cos #3 and 9i's are the angles 
parametrizing Kobayashi-Maskawa matrix [19]. 

First we see that photon 7^ and neutral vector mesons mix 

£ 7 -V = - e 7 M 9 P Pp[ + 9^p - 



where [10 



9 P = ag v F n 
1 



M 



9v 



p • 



:9 P , 



—ag v F 33 - -it — 
6 6 gv 



The W — V mixing is given by 



V2MI V2~Mj 



3 Mj 



9 P - 



C$3 = Sl czgg K *W~»Kl + . 



Here the constant gx* is calculated to be 
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9K* = -7— <^ (F33 + F n ) (F33 - Fn) 



a 



1 /. C 



1-7 M 



2 



9 P M 2 K , L&_ 



~ 2g v \ l + c) K * 2 M| ^ l + c)' 

with c 



The V — PP coupling(P denotes pseudoscalar) takes the form 

£ V -pp = -ip®^ {gpTnT^ + d^ + g pK KK + d^K' - g pKK K®d^ 
- ig U KK<S (K + 8 P K~ - d p K°K l 



+ i 



9<f>KK 

"7T 



. 9K* Ktt T s* 

- % — 

.91 

— I 



and each coefficient is given by KSRF(I) relation 

9 P 



9pT\ 



2F2- 



9 P 

9pKK = 9loKK = 7£^2"> 
K 

g * KK ~ 

9K* 

9K ^ = FA' 

We explore the numerical values of various quantities by using the mea- 
sured values of F n , Fx, M p , M^, Mk* and g p7rn . The results are shown in Ta- 
ble .| and |TI]. There, experimental uncertainties f2(| y/2F n = 130.8 ± 0.3 MeV, 
,J2F K = 159.8 ± 1.4 MeV and 5.9 < 9 pun — 6.1 were taken into account. 
For the values of M p and Mk*, there is some theoretical uncertainties due 
to our approximation. Here we used (M p ) exp < M p < (M aJ ) exp for M p and 
(M K *+) exp < Mk* < (M^*o) eX p for Mk*- The value of qk*k-k shown in Ta- 
ble.[IJ was obtained under the assumption that d + c is at most of order unity: 



in fact, we have from Eq.( 3.18| ) 
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c~ xo.io, 



so that the quantity dependent on (d + c) in the parenthesis in Eg. (4.4) be- 
comes (d + c) x 0.01, and this correction is within the experimental errors 
accompanied with it. 

The direct 7 — PP and W — PP coupling are 

£ 7 pp = -ie-f^ {(1 - r p )(7r + d fl Tr~ - d^n + 7r~) 

+(1 - r^){K + d^K- - d, L K+K~) 



where r p and characterize the vector dominance and are given by 

o 2 772 

^ 3 P1T1T IT 



Ml I 34 



— ^kl{ (F33+ ^ )2 -> 33 - F 4 

f 1 - 1 + 25 C 2 

_2«k/Al (l + c)2 



1 + c. 



The expression for r p has been obtained before [1C|. This originates form 
the fact that when ignoring the SU(3) breaking, the first term and a term in 
Eq.( |3,13 ) induces the same terms as in the original hidden local Lagrangian 



10| . However the expression for is a peculiar one arising from our model. 



Table. Ill shows the numerical consequences for these quantities in our model. 

With these preparations, the electromagnetic form factors can be ob- 
tained: 



F n+ (s) = l + r 



p Ml-s' 



F K0 (s) 



2 



S 



3 \ P \F K ) Mj-s *M}-a 



where s is the invariant mass squared of virtual photon, and 

_ = 2 91kk f k 
T *~ Ml ■ 

We can deduce the charge radius for each particle 



r 2 ) =6 rp 



M 2 / 



2 



r 2 ) =6^=(^\ (r 



/K+ Ml \F 
A =0. 

/ K° 



In deriving these expressions we use the relation 



,2 



r+' 



2 



2 



The numerical results for the charge radii are summarized in Table .IV|. The 
SU(3) breaking in the charge radii appears in the simple form 

(r 2 ) K+ _{F n \ 2 
(r 2 ) n+ \Fk) ' 

the value of which is about 0.67 (its experimental value is 0.64) so that in this 
aspect our model is not inconsistent with the experiment. 

Table. IV shows that our model gives slightly smaller values for both (r 2 ) n+ 
and {r 2 ) K+ - Also, as shown in Eq.((4.9|), the charge radius {r 2 ) K o for K° 
becomes exactly 0, in contrast to its being experimentally small but having a 
finite value (-0.054 ± 0.026fm 2 ). We will reexamine in SecjV] whether there 
is some modification to these results by the addition of 1/Nc non-leading but 



0(p ) terms, which are not included in the reduced Lagrangian in Eq.( 3.13 ). 
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To calculate the K e % form factor, we further need the transition term 
between X and W^, and the interaction among k~ , it and K + 



C s ^w = -i\jd{l - C 2 ) (F 33 - F n ) s lC3 ^W+d^K- + (h.c), 

where the constants u CT and A are 

1 F K (F K F w 



X = 



VT^C 1 F33 -F^\F^ FkJ' 



1 + c-C 2 ' 

The K e % form factors F±(s) (s = (px — Pit) 2 ) is defined by 
ir (p w )\s(l- l5 )u\K + ( PK )) = -^={F + (s){p K +p 7r ) ll +F-(s)( P k-Pk)„}. 
Direct calculation shows that F + (s) and F_(s) are given in our model by 





^\ 


F K ) 


F K 




Fw 


F K ) 


1 




M 2 - 


5(2 



-s' 



.. Mj - M 2 

F -^-^\ — - — \- r ^ m^-s 



+ (r K * -f K *)(M 2 K -Ml^y 



Here rx* is 



- _ 19 2 k*k.F*F k 

r K* = 



M 2 -, 

Hence the linear slope A e 3 defined by 

F+(s) = F 
takes the form 

Mi 



(0) ( 1+Ae3i y +o ((^) 2 ), 



Ae3 = r-jr* 



M 2 ,F + (0)' 
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where 



C 2 (l — C 2 ) 

tr* - r K * = f K * M , _ — tt^t - rf^A- x 0.01 ~ d x 0.01. (4.14) 
(1 + c — C Z J Z 



In obtaining the first approximate relation in Eq.( 4.14j ), we made the same 



assumption d + c < 0(1) as used for evaluating the numerical value of gK'K-w- 



The second one follows by using the explicit value of fjc* in Table. III. 

There is still an ambiguity due to the presence of factor containing d. 
The value of d would be determined if we knew the mass of strange scalar n 
because from Eq.( |3.25 ) 



12 

M K ~ y - x 984 MeV. (4.15) 

However we only know that the strange scalar may be rather heavy. We 
require that the mass of k be greater than 980 MeV. Also, following to the 
spirit of the effective Lagrangian approach, the mass of the particles contained 
explicitly in the Lagrangian should be less than the cutoff A of the theory ( 
A ~ AnF n ~ 1.2 GeV ). These considerations lead to 980 MeV < M R < 
A(~ 1.2 GeV). This constraint to M K yields rx* — rx* — 0.02 through the 
Eqs.(@3|) and ( p^|) . Now we have 



F+ (0)^U^ + ^\ (LLC) 



2 V F w F K 

to the 2 % level. Then the value of A e 3 is determined which is shown in 
Table JTV. 



V. EFFECTS OF EXTRA TERMS 



In this section, we examine the effects of the operators in Eqs. (|3.6| ) — ( [3.12 ) 
to the the results obtained in the previous two sections. We make a few 
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remarks before adding these operators to the reduced Lagrangian in Eq.( 3.13 ) 
as extra terms. 

First note that only operators in the Category 1 are allowed at the leading 
order of 1/Nq expansion (Nc is the number of colours) if it is admitted as 
a proper approximation. This is because a trace in flavour space closes the 
flow of flavour so that we have one quark loop corresponding to one trace, 
while the number of quark loops must be one at the leading order of 1/Nc 



[21]. Hence at this order only terms with just one trace are allowed. In this 
respect, the extra terms are non-leading. 

The terms in which two ay 's are contained in separate traces will induce 
the deviation from SU(3) nonet basis for vector mesons. Since we know that 
the ideal mixing of the octet and singlet vector mesons is fairly good exper- 
imentally, we do not consider such operators any more. On the other hand, 
Ti(D fl S)Tr(D^S)(= £LTr(<S')c^Tr(S')) and the operators which contain two 
a^'s in different traces such as Ti(Saj_)Ti(Sa± fl ) do not affect our inter- 
ested quantities. Hence these operators will not be explicitly included in the 
renewed Lagrangian. 

Now we discuss the possible effects to the charge radii of pseudoscalars and 
the linear slope of K e % form factor, by the addition of the following Lagrangian 
to the reduced Lagrangian in Eq. Q3.13] ): 

£ C xtra = 5l° ) Tr(S'a^a_L At )Tr(S') 

+ {5 { l ] Tx{S 2 ) + A?Tr(S)Tr(S)} Tr«a ±/ J 
+5j 0) Tr(5aJa|| M )Tr(,S) 

+ {^ 1) TV(5 2 ) + A[ 1) Tr(5)Tr(5)} Tr(ajfa^). 

Each coefficient denoted by 5 includes a possible suppression factor associated 
with 1/Nq expansion. The similar remark is also made for A, but with a 
doubled suppression factor. 
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From the modified Lagrangian, Eq.(( |5.1| ), 

Fl = 4(SS 0) ) 2 + ^ 0) Tr(s(°)) • SS 0) + T ± , 

^ = (sS 0) + 4 0) ) 2 -/(4 0) -sS 0) ) 2 

+ ^(o )tv(s( o) )(s (o) +s (o) )+t±) 

where T± is defined as 

T± = 5«Tr(s(°) 2 ) + A| L 1) (Tr(S(°))) 2 . 

The vector meson masses are also calculated to give 

Ml =Ml = gl {4a(S^) 2 + jj 0) Tr(s(°)) • T$ + T„} , 
Mh = 9 2 v {a(4 0) + ^S 0) ) 2 + (d + 2c - 6)(4 0) - E }° } ) 2 
+^Tr(S(°)) ■ Sl + E3 +T||L 
M 2 = 5 2 {4a(Ef ) 2 + f )Tr(S(°)) • + T„} , 

where 

T|| = ^Tr(S^ 2 ) + A| 1 ^(Tr(S^)) 2 . 

If the large Nq argument can be applied, the meaning of the VEV of scalar 
S remains unchanged in this extension( £^ ~ ^f- ). Therefore the discussion 
which asserts that higher dimensional operators are less important than four- 



dimensional operators in Sec. Ill makes sense even in this case. 



By using these expressions we can directly check that there is no mod- 



ification to the expressions in Eqs.(p~2[), (pL4|), (pL6|) , fl47D and ( J4~8| ) by the 
presence of terms in Eq.( |5.1| ). Therefore the charge radii are the same as 
those obtained according to the reduced Lagrangian. We can also calculate 



the K e % form factor and find that the result is the same as in Eq. flOlD . Hence 



Eqs.( |4.13| ) and ( |4.14j ) for the normalization and the linear slope of F + (s) re- 
main true. However, in this extended model, we cannot express n mass in the 

23 



form of Eqs.fljDlD and ( gig ) ( but Eq. fl3~24]) is true ). Since Eq.(p^) holds 



even in this case, -F+(0) ~ 1 if we further assume that d is at most of order 
unity. 

VI. DISCUSSION AND SUMMARY 

We have proposed a chiral Lagrangian ( Eqs.(|3) and ([0J)) with higher 
resonances (scalars and vectors), paying a close attention to the flavour SU (3) 
breaking structure which shall be crucial for the description of K decay. From 
the observation of Eq.( 3.2l| ) the resulting SU{3) breaking structure in vector 



meson sector seems to be well incorporated into our Lagrangian. Our model 
constructed here includes not only 0(p 2 ) operators but also the kinetic term of 
vector meson which is 0(p 4 ) in the lowest order Lagrangian. Hence the quan- 
tities which requires higher-order terms can be calculated. Our challenge with 
the use of our model is to ask whether it can give sufficient predictions con- 
sistent with the experimental facts only by taking the flavour SU{3) breaking 
structure into account, with only such an 0(p 4 ) term. 

The first test of our model was performed by confronting its prediction 
for charge radii of pseudoscalars tt + , K + and K° with their experimentally 
obtained values. As a result, the predicted value for (r 2 ) 7T+ is found to be 
slightly smaller. Also the charge radius of K° becomes exactly zero. 

These consequences does not change even if we add the extra terms in 
Eq.(^.l|) as was shown in SecJV[ From this fact we can say that the SU(3) 
breaking structure in the pseudoscalar-vector sector in our model are deter- 
mined only by the chiral and hidden local symmetries. 

We finally remark on the application of our Lagrangian to the actual cal- 
culation of K decays. The most familiar framework for it will be the effective 



Hamiltonian method \22\ with the factorization hypothesis. There the long 
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distance contribution from QCD is considered to reside in the hadronic matrix 
elements of four-Fermi operators and is expected to be calculated by using 
our chiral Lagrangian. The unreliability to the results obtained by following 
this approach comes from the strong dependence of them on the renormaliza- 
tion point which is conceptually the matching scale between short and long 
distance physics ||. Hence we must at first reexamine this point in order to 
give definite prediction form our chiral Lagrangian. 
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TABLE I. g v {V 
unit[GeV 2 ]) 



TABLES 

= p,(j,(f>) coupling with g pn7T used as input through KSRF(I) relation (in 



Prediction Experiment 

g p 0.103 ±0.003 0.117 ±0.003 

g u 0.034 ± 0.001 0.036 ± 0.001 

q s 0.084 ± 0.003 0.081 ± 0.002 



TABLE II. gypp coupling with g p7Tn used as input 

Prediction Experiment 

g p7T7T 6.00±0.10(input) 6.00 ±0.10 

g<t,KK 6.98 ±0.39 6.58 ± 0.22 

g K *K* 6.55 ±0.34 6.47 ±0.11 



TABLE III. r p , r and f K * 



r p 1.028 ± 0.058 

0.859 ± 0.074 

f K * 1.069 ± 0.048 
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TABLE IV. charge radii of pseudoscalars and A e 3 (charge radii are in unit [fm 2 ].). 



Prediction Experiment 



{r 2 ) n+ 0.401 ± 0.030 0.439 ± 0.008 

{r 2 ) K+ 0.269 ±0.026 0.28 ± 0.07 

(r 2 ) K0 0.00 -0.054 ± 0.026 

A e3 0.026 ± 0.004 0.0286 ± 0.0022 
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